The critical role of epithelial to mesenchymal transition (EMT) in embryonic development, malignant transformation, and tumor progression has been well studied in normal and cancerous tissues and cells. Interestingly, EMT has also been reported to play a key role in the early progression of several retinal degenerative diseases, including scarring associated proliferative vitro-retinopathy (PVR), choroidal neo-vascularization induced "wet" age-related macular degeneration (AMD) and diabetic retinopathy (DR). Despite these studies, many questions remain unexplored regarding EMT-associated retinal pigment epithelium (RPE) degeneration and dysfunction. We hypothesize that RPE cells undergo EMT prior to cell death during the progression of atrophic "dry" AMD. Utilizing human stem cell-derived RPE (hRPE) as a model to study RPE EMT, we optimized two independent but complementary RPE EMT induction systems: 1) enzymatic dissociation of hRPE monolayer cultures and 2) co-treatment of hRPE monolayer cultures with transforming growth factor beta (TGF-β) and the inflammatory cytokine, tumor necrosis factor alpha (TNF-α). To further understand the molecular mechanisms of RPE EMT regulation, we performed an RNA-Sequencing (RNA-Seq) time course examination across 48 hours beginning with EMT induction. Our transcriptome profiling provides a comprehensive quantification of dynamic signaling events and associated biological pathways underlying RPE EMT and reveals an intriguing significance for widespread dysregulation of multiple axon guidance molecules in this process.
ABSTRACT.
The critical role of epithelial to mesenchymal transition (EMT) in embryonic development, malignant transformation, and tumor progression has been well studied in normal and cancerous tissues and cells. Interestingly, EMT has also been reported to play a key role in the early progression of several retinal degenerative diseases, including scarring associated proliferative vitro-retinopathy (PVR), choroidal neo-vascularization induced "wet" age-related macular degeneration (AMD) and diabetic retinopathy (DR) . Despite these studies, many questions remain unexplored regarding EMT-associated retinal pigment epithelium (RPE) degeneration and dysfunction. We hypothesize that RPE cells undergo EMT prior to cell death during the progression of atrophic "dry" AMD. Utilizing human stem cell-derived RPE (hRPE) as a model to study RPE EMT, we optimized two independent but complementary RPE EMT induction systems: 1) enzymatic dissociation of hRPE monolayer cultures and 2) co-treatment of hRPE monolayer cultures with transforming growth factor beta (TGF-β) and the inflammatory cytokine, tumor necrosis factor alpha (TNF-α). To further understand the molecular mechanisms of RPE EMT regulation, we performed an RNA-Sequencing (RNA-Seq) time course examination across 48 hours beginning with EMT induction. Our transcriptome profiling provides a comprehensive quantification of dynamic signaling events and associated biological pathways underlying RPE EMT and reveals an intriguing significance for widespread dysregulation of multiple axon guidance molecules in this process.
INTRODUCTION.
Epithelial to mesenchymal transition (EMT), is defined as the repression of epithelial characteristics and acquisition of a mesenchymal phenotype. It is well known that different transcription factors tightly regulate EMT through a variety of signaling pathways [1] [2] [3] . During early progression of EMT, before complete transformation to a mesenchymal phenotype, epithelial cells re-organize their cytoskeletal architecture resulting in loss of integral tight junctions, and exhibit disrupted apicobasal polarity and changed cell morphology through altered gene expression and a subsequent protein level change [4] [5] . Previously, EMT had only been observed during embryonic development, tissue fibrosis, tumor dissemination and most commonly, metastasis, in which epithelial cells lose cadherin and integrin to acquire a motile phenotype and invade neighboring healthy cells [6] [7] [8] . Besides the crucial role of EMT during development and tumor progression, this transition has recently been reported to be involved in retinal degenerative diseases including fibrotic scarring associated proliferative vitro-retinopathy (PVR) 9-11 , choroidal neovascularization (CNV) associated wet or vascular age-related macular degeneration (AMD) [12] [13] [14] and the progression of dry or atrophic AMD 15 . In each of these diseases, EMT has been associated with the dysfunction of retinal pigment epithelium (RPE).
RPE is a highly pigmented, hexagonally packed cuboidal monolayer of cells, which resides on
Bruch's membrane between the neural retina and choriocapillaris. Healthy RPE cells exhibit apicobasal polarity and tight connections with photoreceptor cells of the retina, for which they perform crucial support functions, including phagocytosis of rod outer segments, synthesis of vitamin-A metabolites (retinoid recycling) and protection against reactive oxygen species 16-17 .
During EMT progression, RPE loses tight junction integrity and pigmentation and acquires a fibroblast-like phenotype. The resulting collective loss of function leads to early events associated with RPE degenerative diseases, and more specifically AMD 15 , in which damaged RPE cells can no longer properly maintain the health and function of neighboring photoreceptor cells. Therefore considerable attention has been devoted to studying RPE cell biology and pathology in AMD. Past studies were limited by their use of animal models, human fetal samples, cadavers, and donor specimens. Efficient methods have recently been developed for differentiating human ES and iPS cells into "RPE" (hRPE) [18] [19] that closely mimics native RPE cells at morphological, biochemical, molecular and functional levels. These methods have provided a novel model system in which to examine the key factors involved during both stages of differentiation and de-differentiation as they occur in development and disease progression.
To better understand the complexity of EMT in RPE, to it is important to address crucial questions such as which early regulatory factors and key signaling pathways are candidates for further inhibition of EMT progression. EMT can be induced and regulated by various growth factors and cytokines, TGF-β signaling specifically plays a critical role in embryonic development, tumor progression and tissue fibrosis [20] [21] . A resemblance to the EMT that occurs during tumor progression is seen in our selective gene expression data on enzymatic dissociation, TGF-β/ TNF-α induced RPE EMT.
Our preliminary studies show that several mesenchymal and epithelial-specific transcription factors (TF) are differentially regulated during the EMT progression in iPS-derived RPE cells.
After confirming that all the RPE-specific genes are significantly downregulated to basal level during EMT progression, we hypothesized that through study of the RPE EMT transcriptome would not only provide a foundation for understanding the RPE trans-differentiation process but also improve the potential of RPE transplantation therapeutics and drug discovery approaches to halt and even revert EMT in retinal degenerative diseases. To investigate this, we used deep RNA-Sequencing (RNA-Seq) transcriptomic profiling as an advanced strategy for determining and understanding the various signaling events influencing RPE phenotypic paradigm. Recently, RNA-Seq has been widely used to trace the whole transcriptome in a large variety of cells and tissues of disease models at an unforeseen depth and sensitivity. The system wide molecular signature of RPE EMT is still uncharted territory. To date, there has been no in-depth temporal transcriptomic comparison between normal and EMT-acquired RPE cells derived from human stem cells. Here we demonstrate that integrative proteo-genomic profiles from stem cell-derived RPE monolayers compared to those with EMT induced by enzymatic dissociation and altered TGF-β signaling adds comprehensive information to evaluate the progression of RPE EMT in vitro. Altogether, our transcriptomic data provide a solid platform for predicting the most functionally altered biological pathways and factors relevant to early RPE EMT initiation during the progression of the retinal degenerative disease, specifically AMD.
Results.
hiPS RPE differentiation, enzymatic dissociation, and TGF-β signaling induced RPE EMT.
hiPS cells were differentiated into mature RPE monolayers using our previously published methods [18] [19] . During differentiation, the morphology of hiPSCs after 50 days in differentiation medium shows pigmented colonies ( Fig 1A) . Flow cytometry shows that more than 90 % expression of the pigment-related melanocyte-specific protein (PMEL17) and the RPE-specific key visual cycle protein (RPE65) from differentiating RPE cells (Fig 1B-C) . To explore dedifferentiation of hiPS-RPE monolayers, we induced EMT by detaching the RPE monolayer cultures from the culture substrate and dissociated them to single cells by proteo-collagenolytic enzymes (AccuMAX). We observed EMT related phenotypic changes at 3-48 hrs time point ( Fig   1D) . We also induced EMT by co-treatment with TGF-β/TNF-α and AMD-associated oxidative stressor. We repeatedly observed the elevation of key EMT-related transcription factors such as Snail family zinc finger (SNAI1, SNAI2), Zinc-finger E-box-binding (ZEB), basic-loop-helix transcription 1 (TWIST1) and transcription factor-3 (TCF3) (Fig 1 ) . We also observed significant upregulation of downstream EMT-associated genes including α -smooth muscle actin (ACTA2), vimentin (VIM), fibronectin (FN1) and N-Cadherin (CDH2). Conversely, RPEspecific factors such as pre-melanosome protein (PMEL17), microphthalmia-associated transcription factor (MITF), chloride channel-related protein bestrophin 1 (BEST1), tyrosinase (TYR), retinaldehyde-binding protein 1 (RLBP1) and retinal pigment epithelium-specific protein of 65 kDa (RPE65) were dramatically down-regulated. Further, we identified elevated levels of transcripts from other key EMT pathways such as NOTCH1, HES1, HEY1 (notch signaling)
TGFβ1, NFκβ1, HMGA2, GSK3B, β -catenin, glioma1 (TGFβ, WNT, NFκβ signaling) during the initiation and progression of RPE EMT (SI Fig.1 ). Post-enzymatic treatment of RPE monolayers followed by re-plating the cells showed that the cells lose their RPE-like characteristics and exhibit an altered phenotype including loss of pigmentation and acquisition of elongated fibroblast morphology and migratory behaviors (Fig 1 E-G) . Consistent with the implication of EMT playing a role RPE dysfunction during early progression of AMD 15 , we also examined the expression of key EMT and RPE factors after treatment of RPE monolayers with AMD-associated oxidative stressors such as paraquat (PQ), tert-butyl hydroperoxide (tBuOOH) and cigarette smoke extract (CSE) (data not shown).
Distinct transcriptomes of enzymatic dissociation and TGF-β signaling induced RPE EMT.
For a comprehensive examination of gene expression changes that occur during RPE EMT, we performed deep paired-end RNA-Seq on dissociated hRPE monolayer cultures over time (3hr, 12hr and 48 hr) and on hRPE monolayer cultures co-treated with different doses of TGF-β/TNF-α (1-40 ng/mL). We obtained an average of 13.4 million reads per sample (dissociation) with the average mapping rate of 64.2 % to the human genome (NCBI build37.2) and an average of 15 million reads per sample (TGF-β/TNF-α) with an average mapping rate of 53.11%.
Unsupervised hierarchical clustering showed that the untreated and EMT induced populations were grouped together and well separated (Fig 1 B-C) . Differentially expressed genes (DEGs)
were evaluated by applying a stringent statistic threshold of a greater than or equal to two-fold change (FC), a false discovery rate (FDR) of <0.05 and a p-value of <0.05 (student t-test). As a result, we identified a list of 5397, and 1439 DEGs from enzymatic dissociation and TGF-β /TNF-α induced EMT (Fig 1 B-C were down-regulated in RPE EMT.
IPA upstream regulator analysis identifies small molecule inhibitors that restore key RPE genes by inhibiting RPE EMT.
To validate the top hits from the chemical kinase inhibitor list generated by the upstream regulator analysis ( and CDH1 (5-fold increased). Collectively, these data suggest that blockage of MEK1/2 signaling may be a potent pharmacological target for inhibition of EMT in RPE.
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Discussion
In the current study, we analyzed temporal, dose-dependent transcriptome-wide changes in gene expression abundance in response to enzymatic dissociation and TGF-β/TNF-α stimulation of hiPS-RPE cells. Our data show that the expression of key functional RPE genes such as MITF, PMEL17, BEST1 and RPE65, were significantly down-regulated from both dissociation and TGF-β signaling induced RPE EMT, however the differential regulation of key EMT factors are not common from each EMT type. For instance, known EMT factors that are elevated during malignant metastasis such as SNAI2, TWIST1, ZEB1 significantly alter during dissociation induced EMT but not from TGF-β/TNF-α induced EMT. Our RNA-Seq analysis identifies many previously unreported key factors that regulate early and late onset of RPE EMT; We validated several genes by qRT PCR analysis, and also we provided the evidence that strong correlation of these selected genes with transcriptomic data. Thus, our data are consistent with previously reported EMT progression during tumor metastasis, and this study might provide a valuable resource for exploring the pathological role od RPE EMT during the early progression of serval RPE involved retinal degenerative diseases.
Although our results show the broad range of signaling pathways contributing to the induction of EMT in RPE, each pathway might distinctly regulate downstream RPE gene expression. Investigation of altered canonical pathways, upstream transcription regulators and network analysis data suggested that several transcription factors and other cofactors such as kinases, growth factors, cytokines, enzymes, miRNAs, could contribute to the dissociation and TGF-β signaling induced RPE EMT gene expression changes (Fig. 4) . IPA based canonical pathway analysis shows that integrin-linked kinase (ILK) signaling, which mediates several key events including cell survival, proliferation and differentiation is top to enriched from dissociation induced EMT. ILK signaling regulates the cross-talk between E-cadherin and integrin 3 , and the increased expression of ILK results in the down-regulation of E-cadherin through the activation of β -catenin and nuclear factor (NF)-kB [29] [30] [31] . We observed that dissociation and TGF-β/TNF-α induced RPE EMT increased the abundances of E-cadherin, β -catenin, and NF-kB1 (SI Fig 1) . Transcription factors such as NFKB1, STAT1, STAT3, RELA, JUN, SP1, HIF1A, NUPR1 were activated, and OTX2, MEOX2, KLF2, BCL6, ZFP36, TAF4
were inhibited throughout the dissociation time course, and TGF-β/TNF-α dose response as identified by IPA generated upstream regulator analysis (Fig 4) . Small-Molecule treatment. Chemical kinase inhibitors (Sellectchem) were reconstituted in DMSO (10 mM and 200 µM stocks) and loaded into Echo qualified 384-well polypropylene microplates and dispensed precisely in multiples of 2.5 nL droplets at the desired concentrations using acoustic liquid handling system ECHO 550 (Labcyte, CA).
RNA-Seq data analysis. We perfoemed student t-test to find differentially expressed genes. For enzymatic dissociation data, the thresholds were log2 fold change > 1 and FDR <0.3. For TGF-β /TNF-α induced EMT data, the thresholds were log2 fold change > 1 and FDR <0.1. For unsupervised hierarchical clustering, pearson's correlation coefficient was used to construct the linkage matrix, and used ward method for calculating distance between clusters. References. 
